The energy spectrum and mass composition of Ultra-High Energy Cosmic Rays (UHECRs) above 10 18.2 eV measured by Telescope Array (TA) are presented. TA is the largest UHECR observatory in the northern hemisphere, located in the west desert of Utah, USA. It consists of 507 Surface Detectors (SDs) and three fluorescence detectors (FDs) to observe UHECRs by those two types of detectors simultaneously, in so called hybrid observation. In hybrid analysis, a reconstruction of the longitudinal development of the air shower observed by FD with the information at the ground observed by SD, can measure the energy of the primary cosmic ray and the depth of the shower maximum precisely. The performance of the analysis, energy spectrum and mass composition of UHECR measured by TA hybrid data is discussed.
Introduction
The Telescope Array (TA) [1] is the largest Ultra-High Energy Cosmic Ray (UHECR) observatory in the northern hemisphere to search for the origin of UHECR and the mechanisms of production, acceleration at the sources and propagation in the inter-galactic space. The experiment operates in hybrid mode using both of the fluorescence detector (FD) [2] and surface detector (SD) [3] . The SD array consists of 507 particle detectors which have two layers of 3m 2 plastic scintillators to detect the secondly ground level particles produced by the primary cosmic ray. These are arranged as a grid with 1.2 km spacing which covers an area of ∼760 km 2 . Surrounding the SD array three FD stations have been installed to measure the longitudinal development of air showers by using the fluorescence photons emitted by atmospheric molecules excited by the secondly particles. The Black Rock Mesa (BR) and Long Ridge (LR) stations are located to the southeast and southwest of the TA SD array, respectively. Each station has 12 telescopes which consists of a segmented mirror of 3.3 m diameters and a camera consisting of 256 PMTs.
The energy spectrum and mass composition are important keys to understanding the origin of the UHECR. The FD observes the longitudinal development of the air shower directly. By using this observation technique, the energy of UHECR is measured by a calorimetric way which is less dependent on the high energy interaction model. In addition, the depth at the maximum shower development, X max , is known to be a sensitive parameter for the mass composition of the UHECR. Therefore, the FD has an important roll in determining the energy scale and mass composition in the TA.
In addition, information on the ground level shower measured by the SDs helps improve the reconstruction for the FD events. The hybrid events, observed both by FD and SD, can reconstruct the UHECR with the better resolution than the FD monocular reconstruction.
In this paper, we present the performance of the developed hybrid reconstruction. The measured energy spectrum and composition of UHECR from hybrid events observed by two FDs (BR and LR) and SDs are also presented.
Hybrid analysis
At the start of the reconstruction procedure, the shower geometry, direction and arrival position on the ground, are reconstructed by using the timing of the arrival photons and pointing direction at the PMTs in the telescope camera:
where T exp,i and α i are the expected timing and elevation angle in the SDP for the i-th PMT, respectively, T core is the time when the air shower reached the ground, R core is the distance from the FD station to the core, and ψ is the elevation angle of the air shower in the SDP ( Figure 1 ). The timing information of the SD near the core is also added to this function. Then the longitudinal development of the air shower is reconstructed. In order to include the effect of the detailed sensitivity of the telescope (non-uniformity of the PMT surface, shadowing by the telescope structure, spot size on the camera and so on), an inverse Monte-Carlo (IMC) technique is used in this process. This process compares the observed signals in each PMT between data and MC generated by the Gaisser-Hillas function:
where X is the atmospheric depth, X max is the depth at the shower maximum, Λ is the interaction length of the shower particles, and X 0 is the offset of X. Here the X 0 and Λ are fixed to -60 g/cm 2 and 70 g/cm 2 , respectively. The shower X max is obtained from the above process, and the energy of the UHECR is determined by the integration of the fitted Gaisser-Hillas function with the correction of the "missing" energy which corresponds to the invisible energy mainly from the neutrinos. The details of the analysis procedure for the hybrid events are described in [4] .
To ensure reconstruction quality, we only accept events that satisfy specific criteria. For the spectrum analysis, the criteria are as follows;(1) the number of PMTs used in the reconstruction is greater than 20, (2) the zenith angle of the reconstructed shower axis is less than 55 degrees, (3) the shower core is inside the edges of the SD array, (4) the angle between the reconstructed shower axis and the telescope is greater than 20 degrees, (5) X max is observed in the field of view of the telescopes. For the mass composition analysis, we applied additional criteria;(6) the χ 2 for the geometry fit is less than 10, (7) the χ 2 for the longitudinal profile fit is less than 5, (8) the track length is greater than 10 degrees, (9) the ψ angle is less than 130 degrees, (10) the time extent of the track is more than 7 µs.
In this analysis, we use the fluorescence yield model reported by Kakimoto et al. [5] with the spectrum measured by the FLASH experiment [6] . The atmospheric conditions (pressure, temperature and humidity for each height) are reported for each height from the Global Data Assimilation System (GDAS) [7] .
The performance of the reconstruction, the aperture for the energy spectrum and expected X max profile are evaluated by using a CORSIKA based air shower simulator [8] with the detector simulation both for SD and FD. Here we used proton and iron primary particles with the QGSJET-II-03 hadronic interaction model. By using this MC set, we find the resolutions to be 0.9 degrees for the arrival direction, 7% for the energy and 20 g/cm 2 for the X max .
Energy spectrum
The energy spectrum of the UHECR is obtained from 8 years of observation data from May 11 2008 to May 11 2016. The total live time with the clear nights is about 4500 hours. The number of remaining events that pass above analysis procedure is 3209 above 10 18.2 eV. The obtained energy spectrum is shown in Figure 2 . 
Mass composition
In order to obtain information on the UHECR composition, the mean X max as a function of energy is used. The expected mean X max for each composition is obtained from the MC events which are reconstructed using the same procedure as the observed data. To verify this analysis, we have prepared two independent analysis programs. This allows us to understand the systematic error of the X max analysis. The comparison of the observed mean X max above 10 18.2 eV between data and MC for the two analyses is shown in Figure 3 . The obtained mean X max is consistent with a light primary composition model.
Summary
The energy spectrum and mean X max of UHECR above 10 18.2 eV obtained from 8 years of TA BR/LR hybrid data are presented. The mass composition measurement performed by observing the depth of shower maximum (X max ) is consistent with a light primary model. 
